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Introduction
Today's society faces two main challenges: first, to guarantee a secure and affordable energy supply; and second, to reduce and abolish the environmental harm, in particular to the climate, caused by energy consumption. Over 80% of today's primary energy consumption comes from non-renewable fossil fuels such as coal, oil, and gas. If we do not change our behaviour, the share of fossil-fuel resources in the future will remain as high as it is today (see IPCC 2007) . As the major oil and gas reserves are located in few areas of the world, importing countries would become more vulnerable to supply disruptions and energy price shocks. Furthermore, fossil-fuel consumption is one of the major sources of greenhouse gas emissions causing significant changes in our climate.
To guarantee a more sustainable economic development, we should invest in an energy mix consisting of secure, reliable, and affordable energy resources. To meet these challenges and transform our energy system, we require a better use of existing technologies along with significant scientific innovations to spur the adoption of new energy technologies. Research priorities encompass inter alia photo voltaic, carbon capture and sequestration (CCS), biofuels, and hydrogen generation, storage and use.
The largest share of CO 2 emissions is caused by fossil-fuel combustion for energy production and transportation. Methane is produced by the energy (gas exploration) sector as well as by agriculture. To reduce emissions, technologies based on the intensive use of fossil fuels need to be replaced by CO 2 -free energy technologies, energy efficiency needs to be improved considerably, and more sustainable energy and agricultural production needs to become standard. Any future policy option addressing a sustainable future energy mix should be a combination of energy security, competitiveness, and the effect on our climate. The main intention of the Kyoto Protocol is to reduce emissions by binding emissions reduction limits on more than 55 countries covering more than 55% of total world emissions. High-income countries such as the EU, Japan, and Canada have committed themselves to reducing emissions by binding emissions cuts, upper-middle economies such as Russia and Ukraine have to stabilise 1990 emissions, and lower-middle and lowincome economies such as China and India have no emissions reduction target (see Haites et al.) . The USA never ratified the Kyoto Protocol. The Kyoto Protocol allows for flexible mechanisms such as an emissions trading system between the industrialised countries, the Clean Development Mechanism (CDM), and Joint Implementation (JI).
Both CDM and JI allow for project transfers between industrialised and developing nations to reduce greenhouse gases.
Europe has taken the lead in combining concrete targets for energy and climate policy (European Commission 2007) . Europe intends to cut emissions by 20% by 2020 compared with the 1990 level and to increase the share of renewable energy by 20% in the same period. However, Europe intends to reduce even 30% of their emissions if other nations are willing to accept climate policy commitments. It is important that Europe demonstrates the willingness and ability to cut emissions drastically. The Kyoto protocol needs to be fulfilled, the emissions trading scheme needs to be improved, and a fair burden sharing needs to be implemented. Europe however only has a chance of convincing other nations to agree on any kind of climate commitments only if Europe is willing to reduce 30% by 2020. This paper considers the consequence of implementing the EU 20-20-20 plan on the EU economy and on the environment. What are the costs of applying this plans to the EU economy, and to the rest of the world? How will it change the existing energy mix in the EU production sectors? Will it have sufficient mitigating effects on the global climate?
The computable general equilibrium model WIATEC is a recursive dynamic extension of the GTAP-E model (see Burniaux and Truong (2004) ) to the inclusion of induced technological change. The latter characteristic allows the model to include investments into new, more (energy or emission) efficient technologies.
Section 2 describes the EU Emission Trading System (ETS) into detail and explains its functioning. Section 3 provides a description of the most significant assumptions and innovations underlying the WIATEC computable general equilibrium model. Section 4 concludes the paper by an application of the WIATEC model to provide an answer to the aforementioned questions.
2
The EU Emission Trading System (ETS) Initial experiences with this new instrument indicate that incomplete information and imperfect competition -and subsequent strategic behaviour -have led to an over-allocation of emission allowances in almost all European countries (see Figure 2 ).
Europe allocated national emissions reduction targets by a burden-sharing rule (see Over-allocations are unlikely to be repeated in the future, however, because the mem- All in all, it can be said that emissions trading is basically an effective and costefficient tool for diminishing greenhouse gas emissions. However, its success will depend on the maximum possible number of countries, sectors, and greenhouse gases being included in the scheme and on the freedom of member states to auction 100% of their emissions allowances. Full auctioning of emission allowances would increase transparency; partial auctioning would neither resolve the problems of optimal free allocation nor reflect the real situation on the market.
Recent moves in the USA towards joining the EU ETS at the county level could be a step in the right direction. The revenue from auctions could be used to promote low-emissions technologies and possibly to compensate those sectors that are subject to evident competitive disadvantages on international markets. In the long term, an effort must be made to make emissions trading a global instrument for climate protection.
A brief description of the WIATEC model and the simulation experiments
WIATEC is based on a version of the GTAP-E model (Burniaux and Truong, 2002) which in turn is based on the latest version 6.2 of the standard GTAP model (Hertel, 1997 gas, oil, nuclear energy, hydro, and other renewable resources respectively. Each technology is assumed to use a different combination of energy and non-energy inputs, as well as other factors of production (capital, labour, land, and natural resources). We thus first distribute the fuels used in the electricity sector to various technologies, and then using information on fuel cost shares, the capital/labour ratio, as well as the output shares of various technologies, to distribute the non-energy intermediate inputs, the factors, and the total output of the electricity sector into the various technologies.
Technology outputs are then recombined into the output of the (aggregate) electricity sector rather than being used directly as final outputs (Figure 1 ). Depicted in Figure 2 , energy and agricultural sectors. Methane and nitrous oxide emissions are treated as a kind of environmental input into these activities, and therefore, there is a degree of substitutability between these environmental inputs and economic inputs. The elasticities of substitution between these inputs are calibrated using 'bottom-up' information (Hyman, 2001; Hyman et al., 2002; Burniaux, 2002) . Details of the substitution structure and their substitution elasticities are given in Figure 3 . For the experiments, we first establish a reference scenario. This scenario provides a benchmark against which other results can be compared. Details on the reference scenario are given in Table 3 . In designing the reference scenario, we make independent macroeconomic assumptions but take into account the assumptions made by other modelers participating in EMF22. In Table 3 , we list the main assumptions regarding In Table 5 , we show the results of EU Scenario 2. In this scenario, only the 'allocated sectors' of the EU regions are engaged in emissions trading, and it is assumed that their permit allocations (per year) remain constant until 2020 with no banking.
The non-ETS sectors of all EU regions together have to make up the 'residual' so that total EU will meet the 2020 target. This requires some policy on the non-ETS sectors which ultimately will result in a marginal abatement cost for these sectors (assumed to be uniform for all EU regions). This uniform MAC is shown as an equivalent CTAX shown in Table 5 . This is compared to the emissions permit price for the ETS trading sectors, which is also shown as an equivalent CTAX shown in Table 5 . The CTAX for ETS sectors is lower than the equivalent CTAX for the non-ETS sectors, which imply the total allocations for the trading sectors is higher than the optimal level (i.e. as defined by Scenario 1). In Table 6 , we show the results for experiment EU Scenario 3. In this scenario, the objective for the EU is to increase the percentage of 'renewable' electricity output to 20%
by the year 2020. In the base year 2005, hydroelectricity in the EU actually takes up about 17% of the total electricity output, with about 3% taken up by "other renewables" such as solar, wind, geothermal. This means, if we exclude hydroelectricity, the (*) for EU regions and the world as a whole, the figure shows percentage reduction from Reference scenario. For non-EU regions, the figures indicate the "leakage" rates.
percentage of 'renewables' in total electricity generation in the EU is currently (base year 2005) rather small, and to increase this to a target of 20% by the year 2020 is a rather substantial task. To achieve this target, in Scenario 3, we assume that (ElyOth)
will be subsidised by a kind of (negative) 'output tax', to reduce its cost relative to other technologies, and hence encouraging its adoption by the electricity sector. The cost of these subsidies are automatically borne by the regional economies, and in theory, they could be linked to the 'savings' generated by the amount of CO 2 emissions reduced. To do so however, requires some explicit policy on how to allocate the revenue from carbon emissions trading (or carbon taxes) to various activities such as research and development and including the subsidy to renewable technologies. This is beyond the scope of the present paper. Because of the 20% renewable energy objective, the 20% emissions reduction target will be made somewhat 'easier' to achieve because there are now less emissions to be reduced than before. We therefore expect that the MAC for Scenario 3 will be generally smaller than that in Scenario 2 (at least for the regions where the renewable target is relatively easier to achieve than others. This is confirmed in Table 6 . We note that for simplicity, we have assumed that there will be a uniform CTAX between allocated and non-allocated sectors -which implies total allocation to the ETS sectors will have to be adjusted over time to reflect the 'optimal' level. It turns out that this is only slightly lower than the actual allocation for period 2005-2010, (1.95 GtCO 2 /year compared to 1.98 GtCO 2 /year) and remains unchanged until 2015-2020 when it can in- (*) for EU regions and the world as a whole, the figure shows percentage reduction from Reference scenario. For non-EU regions, the figures indicate the "leakage" rates.
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crease slightly. Because of the assumption of 'optimal' allocation to the ETS sectors, the MAC for the ETS and non-ETS are the same as shown in Table 6 . Table 6 ), as is to be expected, and especially if the '20% renewable electricity' target is also to be implemented for all regions of Europe. Table 6 indicates that the emissions reduction cost for WEU in that scenario (scenario 3) will be around 20. Tables 4 and 5 show that the total reduction in world CO 2 emissions is only about -1.4% to -2.7%. as compared to the significant reduction in emissions in the European regions of at least -15% in 2010 and increasing to 36% in 2020 (as compared to the reference scenario). This is due to what is referred to as 'leakage' i.e. increases of emissions over and above the reference scenario level for non-European regions due to a shift of economic activities from Europe to these regions. The leakage rate is highest for Russia and USA ranging from about 2% in 2010 to 4.6% in 2020 (in the case of Russia), and 0.5% in 2010 increasing to 1.54% in 2020 (in the case of USA). Interestingly, when Europe is implementing the 20% renewable target at the same time as 20% CO 2 emissions reduction target, the lower cost of emissions reductions in Europe will also mean lower leakgage rate to other regions, and hence in this case, there is effectively no leakage: all other regions are also experiencing a reduction rather than an increase in emissions compared to the reference scenario. This can be explained by the fact that trade activities (especially in energy commodities) are now (scenario 3) much reduced as compared to the reference scenario -due to the 'efficiency' of the renewable policy. Table 7 shows the rates of growth for exports and imports by commodities for the world as a whole in scenario 3 as compared to the reference scenario. Table 7 : The rates of growth for exports and imports by commodities for the world as a whole in scenario 3 as compared to the reference scenario.
